Introduction
Degradation of training lands is an important issue for military installations. Land degradation reduces the ability of training lands to support the scheduled training activity and poses serious risks for the personnel and training equipment. Land degradation also affects the environment and ecosystem services in and around training lands through soil erosion and lowered water quality. In this paper, we introduce a decision support system involving a simulation-optimization model to minimize the adverse effects of a given training schedule by determining an optimal restoration of the damaged training lands over space and time. As a case study we apply the model to Fort Riley, Kansas. With appropriate modifications, the approach we introduce here can be applied to other installations that face similar land restoration challenges.
Several types of land degradation have been identified for Fort Riley: 1) maneuver damages, 2) gully formation, 3) damaged stream crossings, 4) damaged terraces/diversions, and 5) damaged roadside drainage ditches (ITAM Report, Fort Riley). The types of land damages listed above can be equally important at different times and different locations. In this paper, we focus on maneuver damages and gully formation only. These are the most common types of land degradation at all military maneuver-support installations and directly linked to training activity. Moreover, maneuver damage and gully formation have a causality relationship that justifies their joint consideration. Maneuver damages may result from each training event particularly due to heavy vehicle traffic that can create ruts and rills. This causes topsoil loss and destruction of the root system of ground vegetation cover, which in turn decreases the land's ability to resist further damages. If not repaired/restored (by land leveling, compacting, seeding, and mowing), such damages may turn into runoff channels and eventually develop into deep gullies that may cause further soil loss (USDA, 2002) . Presence of gullies in a training area can be dangerous for fast moving vehicles especially when the gullies are hidden by tall vegetation and cannot be seen by vehicle operators. This increases training risk and leaves less area usable for future training (Diersing et al., 1988) . Gullies are leveled, re-graded, and if necessary rock checks are installed to prevent further erosion. The area can then be reseeded and mulched as required (Fig. 1) .
The objective of the military land management is to maintain the quality and safety of the training areas to the extent possible. Maintaining the training lands in good condition requires significant manpower, equipment, and financial resources to repair maneuver damages and fill gullies. 1 The two land management activities are intertwined, namely repairing the damaged training lands proactively may reduce the potential for gully formation, which in turn reduces or eliminates some of the gully repairs and related costs that would occur otherwise. Ideally it may be optimal to repair any land damage whenever it occurs, but this may not always be feasible. The availability of financial resources for land repairs is the primary limitation. Even if adequate financial resources are available, gullies may still form due to unfavorable weather conditions, such as severe continued rainfall and flood, which may physically restrict repair activities. In such cases, damages can be repaired at a later time that is convenient for the land managers. In any time period, an optimal land management strategy may involve a combination of these two options, namely repairing some of the damaged lands and filling some gullies to the extent allowed by resource availability and weather factors. Thus, we state the research problem as follows: for a given annual training schedule and resource availability, determine a dynamic optimum land restoration strategy, specifically when, where and how much damaged land and how many gullies should be repaired/ restored, to maintain and improve the quality of the military training areas.
Methodology
The relationship between military training activities and land degradation is a key factor when making land restoration decisions. The dynamics of land conditions and quantifying the impacts of offroad military vehicle use on land degradation are complex issues. Existing land and water management simulation models developed for agricultural systems (e.g., SWAT and EPIC 2 ) are not much useful for this since they deal with the impacts of controlled and systematic operations (e.g., tillage, irrigation) whereas military training exercises are of a completely different nature because of their irregularity and randomness. Since the introduction of the Land Conditions and Trend Analysis Program (LCTA) in mid-1980's, numerous studies addressed this issue and a fairly large literature has evolved (see, for example, Diersing and Severinghaus, 1984; Wilson, 1988; Diersing et al., 1992; Fang et al., 2002; Haugen et al., 2003; Anderson et al., 2005; Wang et al., 2009 Wang et al., , 2014 Howard et al., 2013) . The relationship between training and land damage impacts is assessed using repeated experiments at selected plots (e.g., Althoff and Thien, 2005) or considering different types of 1 The Fort Riley ITAM Report estimates that the cost of repairing a single acre of damaged land can be as much as $980 (in 1993 values) . Based on Landsat satellite images, the estimated damaged area was 7180 acres, which would lead to a total cost of approximately $2.2 million to repair maneuver damages that are predicted to occur in 2011.
vehicles at a certain site (e.g., Jones et al., 2005) . Several studies focused on natural characteristics, such as soil erosion properties (Althoff et al., 2007; Singer et al., 2012) , soil wetness (Althoff and Thien, 2005) , and vegetation cover (Green and Nichols, 1996) . Besides natural factors, some studies found that land conditions also depend on spatial intensity and temporal frequency of training activities (Howard et al., 2013) and continuous intensive training exercises on disturbed lands (Wang et al., 2014) .
While the studies mentioned above narrowed our knowledge gap regarding the impacts of military training on land conditions, the effective use of this information in land management decision making has been lacking (Morrison-Saunders and Bailey, 2003; Anderson et al., 2005) . This is mainly due to the fact that the existing models require very specific data, such as vehicle type, vehicle speed, maneuver path, tightness of turns, soil type, soil moisture, etc., whereas a typical training exercise involves these factors in various forms simultaneously and on multiple training sites with different characteristics. Therefore, the allocation of land restoration effort in military installations is usually based on the subjective judgment and experience of the land managers or broad guidelines utilizing the map of prevailing land conditions.
3 Such allocations may be sub-optimal and can lead to a serious loss in training efficiency. The only study that addressed the optimal allocation of restoration effort is presented by Tucker et al. (1998) .
In that study, a linear programming (LP) model is used to minimize the total cost of land rehabilitation and damage under a budget constraint. The model considers alternative rehabilitation options (rest, minor repair, moderate repair, and intense repair) for different land categories (grassland, shrubland, and woodland), where each rehabilitation option is assigned a cost per unit of the treated area. As the cost of damage, the model employs an 'incomplete rehabilitation cost' per unit of the damaged areas wherein training continues without rehabilitation. This cost is defined as the difference between the optimal cost under a budget constraint, derived from the LP, and the total cost of full rehabilitation without considering the budget limitation. The model determines how much of each land category should be rehabilitated by using each restoration option in order to minimize the total cost including the costs of rehabilitation and incomplete rehabilitation. To some extent, the approach we use in the present paper is similar to the approach used by Tucker et al. (1998) . Most notably, we also minimize the total 'cost' of unrepaired damages using a mathematical programming model, where the cost (or 'disutility') is a surrogate for the training efficiency loss and risk. However, there are major differences between our methodologies because of the nature of issues addressed here. First, Tucker et al. have not explicitly incorporated the dynamics of training and damage events, thus ignored the cumulative impacts of continuous training. Instead, to account for cumulative damages they multiplied the cost of incomplete training by a scalar greater than one. In our model, training-induced land damages accumulate over time according to specified rules if training continues in the damaged areas. Consideration of the time factor, the causality relationship between training and land degradation, and the cumulative nature of training damages requires a multi-period dynamic modeling approach instead of a static LP approach. Second, under severe weather conditions cumulative damages can lead to gully formation that has not been included in the analysis by Tucker et al. Gullies have different implications than ordinary land damages in terms of management costs, training safety/efficiency, and environmental quality. We incorporate a rule-based causality relationship between ordinary surface damages and gully formation, and include an explicit cost for each unrepaired gully. Thus, essentially we consider unrepaired gullies as another form of incomplete restoration. However, because of their discrete nature, incorporating gully formation in the analysis requires a different modeling technique than used by Tucker et al. A unique feature of the model we present here is the dynamic simulation of if-thenelse type discrete processes along with continuous processes. For instance, although land degradation occurs gradually and defined as a continuous variable, gully formation is a discrete event that can occur only if the cumulative degradation exceeds a specified threshold and if a strong storm occurs. Similarly, the damage resulting from a given training activity in a given area becomes more severe when the cumulative damage in that area exceeds a threshold damage level. These relationships cannot be expressed by using explicit functional forms as in conventional mathematical programming models. To deal with this complexity, we define binary variables for each time period and each training unit to determine whether those conditions are satisfied, and introduce multiple constraints to determine the associated conditional outcomes. This leads to a linear mixed-integer programming model.
Determining a dynamic optimal land management plan while considering the seasonality in training schedule and stochastic weather events is a complicated problem because at the time a restoration plan is to be determined the weather forecasts beyond the first few time periods would be highly uncertain. The longer the planning horizon, the more uncertain the weather forecasts, thus the projected damage impacts. This suggests considering a short time horizon when optimizing the land management activities. On the other hand, considering a very short planning horizon would undermine the possibility of land damages and gully development beyond that horizon. To cope with this issue, we consider a 'reasonably short' planning horizon and use an iterative 'rolling horizon' procedure. Specifically, at each iteration the optimum land restoration is determined in such a way that the total cost of all damages resulting from a given training schedule is minimized assuming that the weather forecast prevails throughout the planning horizon. Such a solution is a tentative plan in the sense that the decision for the first time period will be implemented by the land managers (an immediate response) while the optimal plans for the subsequent periods may be revised in light of new weather forecast that will be available in subsequent iterations. Therefore, after running the model for one planning horizon, we update the input data including cumulative damages in individual land units and weather forecasts, then move the horizon one period forward and rerun the model. We repeat this iterative procedure until the entire year is encompassed. Unlike deriving an annual plan by use of a fully deterministic optimization model, the rolling horizon approach mimics the actual decision making process more closely and develops an annual plan sequentially in light of new information about stochastic weather events and state of the landscape before making land management decisions in any period. Fig. 2 depicts this iterative procedure assuming an eight-week planning horizon.
An overview of the model
The optimization model includes two key decision variables: i) the amount of damaged training lands to be restored, and ii) the number of gullies to be repaired in each time period and each training area. We assume that an annual training schedule is given a priori and the timing and location of training exercises will not be altered in consideration with the possible adverse impacts on landscape quality, which means implicitly that the land management task is subordinate to the military training activities. This assumption is consistent with the current practice and crucial in the model development.
4 A given training activity scheduled for a given time period on a particular training land unit may cause different maneuver damages depending on: i) the state of the landscape in that area prior to the current period training, which is characterized by previous land damages and repairs, and ii) weather (precipitation) conditions prevailing in that period. Therefore, the dynamics of landscape quality and stochastic weather events are incorporated explicitly in the model. Besides the scheduled training activities and weather conditions, training damages also depend on the cumulative damages and repair activities in individual training units (Wang et al., 2014) . Therefore, we define the cumulative amount of damaged lands and the number of gullies formed over time as additional endogenous variables for each period and each training land unit. Normally, every period of a training year is equally important; therefore, the cumulative damages and gullies developed over time should be given equal importance. However, at each iteration of the simulation procedure we place more emphasis on the first few time periods of the rolling horizon because the weather information and related damages are more reliable for those periods than later time periods in that horizon. At Fort Riley, some training areas are more frequently used than others and require more attention due to their unique characteristics which make them more suitable for certain training activities. Therefore, we assign different weights to individual training land units. A higher weight assigned to a particular land unit implies that repairing the damages that would occur on that unit is of higher priority; thus, those units would be repaired (to the extent possible) before repairing other land units with lower priority.
The mathematical model used in the empirical analysis is rather complex because of several relationships between the model variables governing the land degradation and gully development processes. Below, for the sake of readability we present the core of the model only; a detailed algebraic description of the full model is given in the appendix. For convenience, we use capitalized symbols for the decision variables and lower case symbols for data and parameters.
The objective function is defined as the total cost (or 'disutility' representing the perceived training efficiency loss/risk) of unrepaired training damages summed across all training land units and all time periods, which is to be minimized. This is stated as follows:
where t and l denote individual time periods and training land units; w t and p l denote the time weight assigned to period t and repair priority assigned to land unit l; CD t;l and CG t;l represent the cumulative maneuver damage and the total number of gullies defined for land unit l and time period t. The two types of damages, measured in different units, are converted into a common unit by use of the conversion factors vd and vg which represent the disutility values associated with maneuver damages and gullies. The conversion factors can be quantified explicitly, based on the contribution of damaged lands and unrepaired gullies to the total cost of training, or they can be specified subjectively based on the perceived risks of maneuver damages and gullies in terms of training efficiency and safety. Two sets of constraints are used in the model to simulate the dynamics of training damages in each training land unit and each time period. The first set is related to maneuver damages while the second set is related to gully formation. These constraints determine together the expansion/contraction of damaged lands and the resulting number of gullies in any period depending on the previous land damages and restoration activities.
The cumulative damage in a given training area in any time period is determined by the previous cumulative damage, the new maneuver damage, and the amount of repaired land in that unit. This is expressed as follows:
where tÀ1 means the previous period, MD t;l and RD t;l are the amounts of maneuver damage and repaired damage in time period t and land unit l. The maneuver damage variables are determined by the type of scheduled training activity, precipitation and soil saturation level in each area and time period (for details see the appendix). Similarly, the dynamics of gully formation is expressed as: Fig. 2 . The rolling horizon approach to dynamic optimization. The box shown with bold solid lines represents an 8-week deterministic optimization problem assuming that the weather forecast for weeks W1eW8 represents the actual weather conditions throughout this period. Implementation of the optimal plan for week-1 determines the initial state of the system in the next iteration shown with lighter solid lines including weeks W2eW9 (dotted rectangles).
where CG t;l ; NG t;l ; and RG t;l denote the cumulative number of gullies, new gullies, and repaired gullies in time period t and land unit l.
The last two components of the core model are the financial resource limitation and manpower constraints, given by (4) and (5) below. The first of those constraints restricts the cost of land restoration and gully repair activities to the available budget. The second constraint restricts the amount of labor needed to perform those operations to the available amount of labor that can be used directly to perform those operations. The ability and effectiveness of the land managers also depend on weather conditions, in particular severe and continued rainfall, which may limit the land restoration activities. Therefore, the manpower availability is specified differently for each period. The resource constraints are as follows:
where dc and gc denote the costs per unit of land restoration and per gully repair; dl and gl denote the labor needed to repair one unit of land and repair a gully; and b and lb t denote the total amount of financial and manpower availability in time period t. For simplicity, in the above model one type of gully is assumed. In the empirical model we distinguish between two sizes of gullies, namely small and large gullies, because of their different impacts on training safety and different resource requirements for repairing those gullies. Therefore, the endogenous variables representing the cumulative number of gullies, new gullies, and repaired gullies are defined for each gully category separately and incorporated in (1), (4) and (5). Also, equation (3) is stated for each gully category separately. All gullies are assumed to be small gullies at the time they are developed. If not repaired and unfavorable weather conditions occur, a small gully may grow into a large gully. Therefore, in equation (3) we include additional variables that represent the number of small gullies transformed into large gullies (subtracted from the total number of small gullies and added to the number of large gullies, see the full model). The development of gullies in any land unit is assumed to be related to the simultaneous occurrence of heavy precipitation and severe training damage. Specifically, a gully can occur in a given land unit only if the precipitation exceeds a threshold rainfall level and the amount of damaged land in that unit exceeds a threshold percentage of the total area of that unit. Growth of small gullies into large gullies is described in a similar way. These if-then-else type conditional relationships are formulated by use of multiple constraints including binary variables. The specific details are lengthy; for readability they are given in the appendix.
Finally, the signs and the types of the model variables are restricted by: CD t;l ; MD t;l ; RD t;l ! 0; and CG t;l ; NG t;l ; RG t;l ! 0 integer for all t; l
The core model described by (1)e(6) is a mixed-integer linear program (MILP). The full model includes a large number of additional constraints and variables to describe the conditional statements related to the land damage and gully development processes.
Data and model specification
In the simulations presented below, we considered an annual time scale and weekly periods as the time unit for management decisions. Thus, the resource availability and the training schedule are specified on a weekly basis and the optimal land repair activities are determined for each week and each training area. In the rolling horizon procedure we considered an eight-week planning horizon at each iteration.
The entire installation of Fort Riley is partitioned into 78 discrete training areas with known boundaries on which tracked and wheeled training exercises occur. The sizes and boundaries of individual training areas were determined from the installation training area map in GIS. The amount of trainable land in each training area was determined by using a mask in GIS to eliminate all areas within 10 m of a stream or water body. Based on the frequency of individual training areas used for actual training exercises in the past, an importance (priority) index is assigned to each training area (see Fig. 3 ).
As training-induced land damages we consider ground surface disturbances and gullies that may result from such disturbances. For the first, we developed approximate damage impacts based on field knowledge and the understanding of simulation model applications. We assumed a fixed annual training schedule (with weekly time periods) for each training area considering typical historical training operations on that area. The training activities are categorized in three groups, light, medium, and heavy, based on the number of training days, number of troops, and number of vehicles involved in each training activity. The potential land damage, expressed as percentage increase in disturbed training land, is specified for each training type and adjusted for soil moisture depending on normal and severe weather conditions (see Fig. 4 ). For gullies, based on Hutchinson and Hutchinson (2014) , we specified the maximum number of gullies that can develop in each training area depending on the slope, vegetation cover, and soil type.
As the adverse effects of unrepaired land damages on military training (the parameters vd and vg in the objective function of the model), we assigned disutility values to one acre of damaged land and one gully (specified differently for small and large gullies). The values of these parameters are based on subjective estimates of Fort Riley land managers 5 and represent the relative importance of land damages in terms of training efficiency loss. In the resource constraints, we use the costs of repairing one acre of damaged land and repairing one gully (again specified differently for each gully type), and the manpower needed for such repairs. The costs are based on the engineering repair estimates by Fort Riley land managers. The annual restoration budget, specified exogenously, is assumed to be divided equally among weeks. However, unused budget can be carried over from one week to the next. With the spatial and temporal specifications described above, the resulting model is a large-scale linear mixed-integer program 7 which is solved by using a commercial optimization software, 5 Alternatively, we could consider the increased cost of training in an area with such land damages, but those costs would be very difficult to estimate.
6 Because of space limitation and for the sake of readability, a thorough documentation of the input data and specific assumptions made when generating the data are not given here. These are available upon request from the authors. 7 The following 'statistics' (copied from the GAMS output) give an idea about the General Algebraic Modeling Systems (GAMS) (Brooke et al., 1988) incorporated with CPLEX 12.5.1.0. 
Empirical results
We first calibrated the model 9 so that the cumulative damages and their spatial distribution closely simulate the landscape damage conditions in Fort Riley seen through the evaluation of 1993 orthophotography of the installation. For this, we ran the model ten 8 CPLEX, developed by IBM ILOG, is a high-performance mathematical programming solver for linear programming, mixed integer programming, quadratic programming, and quadratically constrained programming problems (http://www-01.ibm.com/software/commerce/optimization/cplex-optimizer/). As the optimality criterion we used 1.5% relative optimality. This means that if the best available solution is within the range of 1.5% deviation from the best possible solution, the solution is reported as the optimal solution.
9 A former Fort Riley land manager (Dr. P. Woodford, co-author of the paper) was directly involved in the data compilation and model calibration processes.
times assuming the 1983e1993 meteorological data reported by the closest weather station to Fort Riley. We also assumed that the landscape was in pristine conditions (no previous damages) at the beginning of the 10-year simulation, the same training schedule was implemented in each year, and no repair activities were carried out (very few repairs actually occurred during that time). In each of those runs, we repeated the rolling horizon simulationoptimization procedure where the initial conditions of the current run were set at the ending conditions of the previous run. Fig. 5 displays the 10-year simulation results for cumulative training damages. The figure shows an almost linear progress in training damages for each of those ten years. In some time periods the damages are more significant than others because of the more severe precipitation in those periods. An important observation is that the incremental damages decrease over time. This is due to the way training damages are modeled, namely initial damages on undisturbed lands are high, but repeated training causes less incremental training damage. The final value of cumulative training damages in the entire installation slightly exceeds 10,000 acres, which corresponds to nearly 25 percent of the total training land available in Fort Riley.
Based on the 10-year observed weather data and the resulting maneuver damages, a total of 228 gullies would be formed over time (Fig. 6 ). Of those, 194 would be small while the remaining 34 would be large. Like the cumulative surface damages, the number of gullies increases according to a piecewise linear trend, except in year-7. In that year, the number of small gullies turning into large gullies exceeds the number of new small gullies, which is why the graph turns down. All gullies are small in the early years, but beginning in year-4 some of those gullies become large gullies when the maneuver damages reach the threshold levels and precipitation becomes favorable.
The spatial distribution of damaged training lands and gullies is displayed in Fig. 7 for some benchmark years. As expected, extensive training damages occur in the south central section of the installation (the dark shaded spatial units) where more intensive training takes place. Therefore, small and large gullies develop also in the same area. These results imply that repairing the training damages and gullies must be of higher priority in that area in order to maintain the effectiveness and safety of training activities.
When a nonzero land restoration budget is considered, we expect that some of the maneuver damages and/or gullies can be repaired to the extent allowed by the budget availability. Three questions are addressed in this case: 1) should priority be given to repairing maneuver damages or repairing gullies, or both? 2) when and where would it be optimal to repair maneuver damages and gullies? and 3) what would be the smallest budget level needed to achieve a landscape without any gullies linked to maneuver damage?
To answer the above questions we changed the amount of budget availability in constraint (4) systematically and solved the model. The simulations demonstrate the role of financial resources in maintaining the landscape quality through repairing maneuver related damages. The results in Fig. 8a indicate that the first $500 thousand can effectively reduce the unrepaired training damages by nearly 3000 acres, but the next $500 thousand can reduce only half of that amount. Except in one case (with B ¼ 1500), the effectiveness of financial resource availability decreases as larger budget levels are assumed. Fig. 8b shows the impact of budget availability on the total number of gullies (including both small and large gullies) that would exist in the entire installation. As in the case of maneuver damages, a higher budget level would lead to a smaller number of gullies. However, unlike in the case of maneuver damages, the progress of gully formation over time is not linear; rather there are ups and downs. In year-8 of the simulation, for instance, the number of gullies is reduced significantly under all budget levels. This is due to the milder weather conditions in that year which was not as suitable for gully formation as in the other years. However, a larger budget level again reduces the number of gullies as in the other simulations.
An important finding that should be emphasized is that, regardless of the budget availability, it is better to spend most (if not all) of the financial resources for repairing damaged lands rather than for fixing the gullies that could form otherwise (Fig. 9) . Although the disutility of one acre of damaged training land is substantially lower than the corresponding value per gully, the model suggests that priority should be given to the former in order to minimize the overall disutility. In other words, a proactive restoration strategy where maneuver damages are repaired before they lead to gully formation is optimal. This somewhat unintuitive result is due to the fact that reducing the amount of maneuver damages by land restoration also reduces the number of gullies that may develop otherwise. The empirical results show that this is a more cost-efficient way to achieve training effectiveness and personnel/equipment safety 10 .
In the above analysis land damages are valued differently across the training areas; namely some areas are assumed to be more important than others due to the need for intensive and frequent training in those areas. This makes land restoration more concentrated in those areas in terms of either repairing maneuver damages and/or gullies. An alternative management scheme may be to spread the restoration effort in space as uniformly as possible so that the landscape in the entire installation will be 'equally trainable'. This can be accomplished by imposing a constraint that restricts the unrepaired maneuver damages and gullies to be distributed as uniformly as possible among the training areas. Even if the total amount of maneuver damages and the number of gullies in the entire installation may be the same or close under the two management schemes, their location and concentration can be significantly different. Under the first management scheme, some areas with higher spatial weighting may receive more attention and restoration effort while some other areas may be put aside.
11
Assigning equal importance to all areas would deploy the restoration effort in such a way that the entire landscape will be of uniform quality in terms of maneuver damages and unrepaired gullies density. In the present application we perform this analysis for gullies only, although the same approach could be used for maneuver damages also, or both.
To incorporate the uniform spread criterion, we add the 10 We should note, however, that this result depends on the relative disutilities and repair costs associated with maneuver damages and gullies. Typically, gully repairs would cost substantially more (the cost of filling a small gully is five times the cost of repairing one acre of damaged land; the respective ratio for large gullies is 25:1).
following constraint:
CG t;l D*a l for all t; l
where D is a decision variable representing the gully density, which we use as a measure of the degree of trainability, and a l is the size of training area l. The right hand side of (7) represents the largest number of gullies allowed and the left hand side is the number of gullies (in the empirical application small and large gullies combined) in area l and period t. The lower the value of D, the higher the trainability; thus, the model should minimize the value of D together with the total disutility resulting from training damages. This is accomplished by having D multiplied by a large penalty parameter as an additive term in the objective function (1). By doing so, the model would not allow a large concentration of gullies in some areas while many other high priority areas are relatively free of gullies. The development of gullies in the optimal solution of the uniform spread model is depicted in Fig. 10 , which shows the year-end total number of gullies for each year of the simulation horizon. This graph is similar to the graph in Fig. 8b (unrestricted optimum solution) except that the number of gullies in some years is slightly higher. More importantly, the two solutions are significantly different in terms of the spatial distributions of gullies. To illustrate those differences, the gully development in two different training areas, labeled by L53 and L48, is shown below. The shaded rows correspond to the unrestricted case, where spatial weighting is assigned to individual training areas, while the rows below them correspond to the case where gullies are restricted to be spread 'uniformly' across space. Under the first scheme area L53 is a 'hot spot' where 12 gullies are present at the end of the simulation, whereas in the uniform-spread scheme the number is reduced to seven to make the gully density across all areas nearly the same. On the other hand, in the spatial weighting scheme five gullies are present in area L48, whereas in the uniform-spread scheme eight gullies are present in that area.
The previous analysis assumes that the entire landscape was in its natural (pristine) condition at the beginning of the simulation (i.e., no maneuver damages and related gullies were present). The initial training damages in such a landscape would be substantially larger than the damages that would occur after repeated training in the same areas because preference is given to previously trained areas and lands with training damages expand only if the new damages exceed the repaired amounts of previously damaged lands. Therefore, the damaged areas expand fast in the beginning, but at a slower rate in later time periods. When a significant portion of the training area has been damaged already, the optimal management plan may be quite different from the optimal plan for an initially natural landscape. In this case, preventing gully formation through controlling the expansion of damaged training lands would have limited effectiveness since the disturbed lands are already present; therefore, gullies can form even if very little or no new damage occurs. This is the current state of the landscape in Fort Riley. Under such circumstances, one may expect that in the optimal strategy more resources might be devoted to repair gullies. We use the model to analyze this situation and determine an optimal land management strategy that maintains the status quo. In this analysis we focus on gullies only; therefore, the goal implies that no new gullies will be added to the system. This can be accomplished by performing appropriate land restoration activities and/or by repairing an appropriate number of gullies so that the total number of gullies in the entire training area remains the same. The repaired gullies may be either new gullies (repaired within the period in which they develop) or existing gullies. Sustaining the number of gullies in the entire landscape may require a significant amount of financial and manpower resources depending on the duration and frequency of bad weather conditions during the intensive training periods. Our purpose is to determine the annual budget and manpower requirements to keep the landscape in 'steady state' condition.
To generate a proxy to the initial state we first ran the simulation model for a 10-year planning horizon considering the observed annual weather patterns and assuming that no land repairs have been performed throughout those ten years. Thus, initially there were 228 gullies, of which 194 were small and 34 were large; 110 of the small gullies and 28 of the large gullies were in the high priority areas. In the new simulation run, we considered a one-year simulation horizon and assumed the weather pattern in year-1 of the 10-year weather data as the prevailing weather. Table 1 presents some highlighted results for the training areas with the highest priority. The first important finding is that in most of those areas the number of gullies (especially small gullies) is reduced by one or two (in a few areas by three). In order to sustain the gully numbers, in the optimal steady state solution the model allows development of one or two gullies in some other areas with lower priority (mostly in the eastern section of the installation, see Fig. 3 ). At the end of the simulation, the total number of small gullies was reduced to 188 while the number of large gullies was increased to 40. Still there were 228 gullies in the entire installation, but the number of small gullies was slightly fewer while the number of large gullies was slightly larger. Furthermore, the spatial distribution of the gullies was altered significantly. 12 The required amount of financial and manpower resources would be $956.8 thousand for the whole year and 16 people in the busiest repair period. As expected, only a small amount of the budget, $11.8 thousand, would be spent for restoring the damaged lands while the rest was spent for gully repairs.
Conclusions
Maneuver training lands are arguably the most valuable aspect of the Army installations. These lands are difficult to expand or acquire and must be cared for to ensure long-term safe and realistic training. The modeling efforts described in this paper were developed to support installation natural resource managers, trainers, and headquarter level officers responsible for maintaining and using maneuver areas across the country.
An important finding of this research that should be emphasized is that, regardless of the budget availability, it is better to spend most (if not all) of the financial resources for repairing damaged lands rather than for fixing the gullies that could form otherwise. In other words, a proactive restoration strategy where maneuver damages are repaired before they lead to gully formation is optimal. The empirical results show that this is a more cost-efficient way to maximize training effectiveness and personnel/equipment safety. If the relative importance of land damage categories and the relative costs of repairing those damages are representative, this result can be used as a rule of thumb for other training facilities.
Installation Integrated Training Area Management (ITAM) offices could use the model to help schedule the use of available funding, personnel, and equipment to optimally repair gullies and tracked maneuver areas. In the application presented here, maneuver training activities (type and location of training) are provided as fixed inputs. The model could also be used to establish and justify budget requests by comparing the level of maneuver area damage that remains after considering a range of repair funding levels. Minimal funding levels can be identified that will ensure that the maneuver areas do not degrade further from current or otherwise defined levels. These analyses can be conducted on an annual or a week-to-week basis. The test applications described in this paper 12 An important assumption here is that when a gully in a given training area is repaired, the maximum number of gullies that can develop in that area is reduced by one.
demonstrate analyses on an annual scale. By running the model with many examples of historic weather, it becomes possible to identify the range of risk damages associated with varying financial inputs. The model can also be used on a weekly basis to schedule range rehabilitation work in a given week given the training schedule and the weather forecast for that week. Local ITAM managers can use the model as a decision support tool and update the model from the previous week by identifying 1) the work that was accomplished in the previous week, and 2) the latest weather forecast for the current and subsequent weeks. At a headquarter level that oversees the funding resources that will be made available across many installations, the model can be used to allocate funds optimally and to identify and justify funding requests. To accomplish these goals, model input data would be developed for a set of installations (consisting of historic/projected weather, current damage, and expected training schedules). Then, running the model for each installation using ranges of potential funding amounts, graphs could be developed to correlate funding levels with resulting damage levels. By considering all of the graphs across all of the installations, a budget allocation could be identified that results in equal damage levels across all installations, or allocations that realize desired/acceptable damage levels.
In the model developed here, training is considered to be an immutable given, resulting in a capability that allows ITAM offices to optimize the expenditure of rehabilitation funds. It is well understood that most of the damage to training lands occurs on the very few days when the soils across the training areas are wet. The wetter the soil, the deeper the rutting damage and greater the probability of the unrecoverable destruction of the plants and roots that provide resilience to maneuver training. With appropriate modifications, this model can be used to determine optimum scheduling of training and coordinating the training and land restoration activities, which can dramatically reduce rehabilitation expenditures and training-induced damages.
This study focused on land restoration activities considering the value of the managed lands in terms of military training risks only. There are simultaneous measurable environmental benefits of maintaining military training sites in good condition. Reducing the possibility of gully formation by restoring damaged land surfaces and repairing gullies reduce soil erosion and sediment runoff to nearby water bodies, which may have significant impact on water quality and wildlife habitats within the installation and in the surrounding areas.
13 Incorporating such benefits can be done by using a multi-objective programming approach where military training and environmental benefits are considered simultaneously as multiple objectives. Unlike in typical multi-objective problem situations, this is a case where the two objectives are largely complementary rather than conflicting. Some of the parameters used to simulate the land degradation and gully formation processes are subjective estimates based on the experience and best judgement of a former land manager at Fort Riley. The values used in the empirical model were obtained after tedious calibration runs. A sensitivity analysis would be useful to see how the results would change if alternative values were used, but that was beyond the scope of this research.
When simulating the soil degradation and gully formation processes, the model treats all training areas in the same way, namely the new damage potential (new gully formation) is expressed as a percentage of the training area (number of existing gullies) and the same percentage parameters are used for all training areas (although the coefficients vary by training type and depend on the weather factor). In reality, some areas are more erodible than others (because of the slope, soil type, vegetation conditions, etc.), thus using different coefficients for different parts of the installation would be more meaningful. The damage impacts reported here should be interpreted with this oversimplification in mind. period. The notation used for variables and parameters is described when presenting the individual equations of the model. For convenience, the decision variables are denoted in upper case symbols while the exogenous parameters are denoted in lower case symbols. Indexes used in variable definitions and constraints are: t for time periods; l for training areas; r for training intensity (low, medium, high).
Objective function:
where w t is the time weight assigned to period t;p l is the land restoration priority assigned to training area l; vd, vsg, vlg are the safety values per unit of maneuver damages, small and large gullies, respectively; CD t;l is the cumulative amount of damaged land in area l and period t; CSG t;l and CLG t;l are the number of small and large gullies present in area l and period t (after subtracting endogenous land/gully repairs).
The objective function, to be minimized, is a weighted sum of the maneuver damages and gullies that may develop across all training lands and throughout the planning horizon. The weights are used to convert the land damages and gullies (measured in acres and counts) into a common unit. These can be based on the costs of reversing those damages or can be specified subjectively to reflect the importance of those damages in terms of training safety.
Maneuver damages are determined by two factors: 1) soil wetness (saturation) related to the intensity of rainfall in the current and previous periods, and 2) type of training. The amount of damage is expressed as a percentage of the trainable area in each training area where the proportionality factor depends on the intensity of the scheduled training activity and the soil saturation. If the soil saturation exceeds a threshold level, the damage impact increases.
A causal relationship is hypothesized between the amount of maneuver damages and gully formation. It is assumed that the total number of gullies that may develop in a given training area and time period depends on the largest area that was previously subject to maneuver damage. The justification for this assumption is as follows: typically training occurs in the areas used for training in previous periods; thus, if the current period maneuver damage does not exceed the repaired area it is a repeated damage, otherwise a new damage occurs. Surface repair/restoration makes damaged areas trainable again, but repaired/restored lands are as susceptible to gully formation as damaged lands. Thus, the area in which gullies may develop expands only if a positive new damage occurs. To accommodate this assumption, we define an effective damage variableED t;l which denotes the cumulative new damages. In other words, the effective damage in time period t is the largest damaged area up to period t. Note that while the cumulative damage variable CD t;l may increase or decrease, depending on the relative values of current period training damages and repairs, ED t;l is non-decreasing over time. The following constraints govern these relationships.
Land damage constraints: CD t;l ¼ CD tÀ1;l þMD t;l À RD t:l for all t; l (2) CD t;l ¼ ED tÀ1;l þ PD t;l À ND t;l for all t; l (3) PD t;l mÃBD t;l for all t; l (4)
ED t;l ¼ ED tÀ1;l þ PD t;l for all t; l (6) ED t;l td*ta l þ m*BTD t;l for all t; l (7) ED t;l ! td*ta l *BTD t;l for all t; l (8)
PMD t;l þ CD tÀ1;l a l þ m*BCD t;l for all t; l (10) MD t;l ! a l *BCD t;l À CD tÀ1;l for all t; l (11) MD t;l ! PMD t;l À mÃBCD t;l for all t; l (12) MD t;l PMD t;l for all t; l
where a l is the trainable area in area l;ss t is soil saturation factor in time period t (ss t ¼1 if biweekly rainfall is less than the threshold precipitation, else ss t ¼ 2); st t;l;r is a binary scalar showing whether training type r is scheduled for area l in time period t (st t;l;r ¼1 if yes, 0 if not);hi r ; li r are the high and low damage impact factors, respectively, associated with training type r; td is a specified threshold damage level beyond which maneuver damage impact gets lower due to repeated damages; m is an arbitrarily specified large number; PMD t;l , MD t;l , and RD t;l are potential maneuver damage, actual maneuver damage, and repaired damage, respectively, in area l and time period t; DD t;l is the difference between cumulative damage and the previous period's effective damage in area l and time period t; BTD t;l is a binary variable which shows whether the effective damage in parcel l and time period t (ED t;l ) exceeds the threshold damage level; BCD t;l is a binary variable which indicates whether in time period t the effective maneuver damage hits the total trainable land in area l; all other symbols are as defined before. Equation (2) simulates the dynamics of maneuver damages, namely the cumulative damage in any area equals the previous cumulative damage in that area, plus current period damage, minus repairs. Equation (3) states the relationship between cumulative and effective damage values. If the current period's cumulative damage exceeds the previous period's effective damage, some new damage must have occurred, otherwise the damage is a repeated damage and the effective damage remains the same. This property is modeled by defining auxiliary non-negative variables PD t;l andND t;l which represent whether an incremental change has occurred in the damaged area, PD t;l > 0, or more repairs occurred than damages in area l and period t, ND t;l > 0. Since one of these two cases can occur in any area and time period, either PD t;l orND t;l must be zero. The effective damage ED t;l increases only when PD t;l > 0, as stated by (6). To guarantee that either PD t;l orND t;l must be zero, we introduce constraints (4) and (5) and a binary variableBD t;l . If BD t;l ¼ 1, (5) implies ND t;l ¼ 0; otherwise BD t;l ¼ 0 and (4) implies PD t;l ¼ 0. In the first case (4) becomes redundant while in the second case (5) becomes redundant; thus at most one of thePD t;l and ND t;l variables can take a positive value. Equation (9) determines the potential damage that may result from training. If the effective damage in a given area does not exceed the threshold damage level, (8) implies that BTD t;l ¼ 0. In this case the training area is relatively undisturbed and initial training activities would have a high damage impact. If the threshold level is exceeded, (7) implies thatBTD t;l ¼ 1, in which case the impact of training activities will be reduced. When the potential damage calculated by (9) plus the previous cumulative damage exceeds the total trainable land in a given area, the actual maneuver damage must be less than the potential damage. In this case, (10) implies that BCD t,l , (12) becomes redundant, and (11) and (13) together imply that MD t;l must be within the range ða l À CD tÀ1;l ; PMD t;l Þ. Minimization of the sum of damaged areas assigns the lowest feasible value, namely MD t;l ¼ a l À CD tÀ1;l , which is the remaining undamaged area. When the cumulative damage does not hit the area limit, thenBCD t;l ¼ 0, and (12) and (13) together imply MD t;l ¼ PMD t;l , as it should be.
If maneuver damages are not repaired, gullies may develop as a result of severe precipitation and surface runoff. We assume that at the time a gully is formed, it is a small gully; if a small gully is not repaired and a severe weather occurs it may grow into a larger gully because surface runoff makes the gullies wider, longer, and deeper. Formation of gullies in a given training area and time period is related to three factors: 1) the maximum number of gullies that can develop in that area, 2) the amount of previous effective maneuver damage in that area, and 3) the intensity and duration of precipitation which determine the conditions for a flood and soil saturation level. The maximum number of gullies that may develop in an area is specified for each area differently based on the slope, ground cover, and soil characteristics of that area. If a gully is repaired, in the subsequent model runs the maximum number of gullies is reduced by one. If the effective maneuver damage does not exceed a threshold level or the total rainfall in a specified time window does not exceed a threshold precipitation level no gully can form, otherwise the number of gullies is determined by dividing the effective damaged land by the amount of damaged land required per gully.
Gully formation constraints:
Dynamics of gully development are simulated by the following equations: CSG t;l ¼ CSG tÀ1;l þ NSG t;l À RSG t;l À GG t;l for all t; l (14)
CLG t;l ¼ CLG tÀ1;l þ GG t;l À RLG t;l for all t; l (15) whereNSG t;l and RSG l;t are the number of new small gullies and repaired small gullies; RLG t;l is the number of large gullies repaired; andGG t;l is the number of small gullies growing into large gullies, in area l and time period t. All other symbols are as defined earlier.
Equation (14) states that the number of small gullies in a given area and time period is the number of small gullies in the previous period plus the number of new small gullies minus the number of repaired small gullies and small gullies transformed into large gullies. Similarly, Equation (15) describes the dynamics of large gully development. We introduce binary variables to determine whether the conditions are favorable for gully formation. This is done by the constraints below: ED t;l tg*ta l þ m*BGD tþ1;l for all t; l (16) ED t;l ! tg*ta l *BGD tþ1;l for all t; l (17) BG t;l ! BGD t;l þ br t À 1 (18) where tg is the threshold level (percentage) of effective maneuver damage for gully formation; br t is a binary scalar, where br t ¼ 1 indicates that the threshold precipitation level required for gully formation is exceeded in period t, otherwise br t ¼ 0; BGD t;l is a binary variable which indicates that the threshold effective damage level is exceeded in area l and period t, in which caseBGD t;l ¼ 1 , otherwise BGD t;l ¼ 0; and BG t;l is a binary variable which indicates that both maneuver damage and precipitation conditions are favorable for gully formation in area l and period t, in which case BG t;l ¼ 1, otherwiseBG t;l ¼ 0. To see how the above inequalities work, suppose the effective maneuver damage in area l and period t is not exceeded. Then BGD tþ1;l ¼ 0 satisfies both (16) and (17) 
where apg l is the average maneuver damage per gully (total training land divided by maximum number of gullies) in area l; PG t;l is a non-negative integer representing the total number of gullies that may exist in area l in period t; and all other symbols are as defined earlier. If BG t;l ¼ 0, (21) implies that no gullies can be formed in area l and period t. Otherwise, BG t;l ¼ 1, (19) and (20) assign the truncated integer value of ED t;l =abg l as the number of potential gullies. Note that because of constraint (20) the number of potential gullies in any time period cannot exceed the maximum number of gullies that can develop in a given area. All gullies are small gullies when they are first formed, if the conditions are favorable for gully growth small gullies become large gullies. Once a small gully grows into a large gully, it remains as a large gully unless repaired. These properties are modeled by the equations: NSG t;l ¼ PG t;l À X t 0 < t NSG t 0 ;l for all t; l
GG t;l gg*CSG tÀ1;l À 1 for all t; l (23) GG t;l ! gg*CSG tÀ1;l for all t; l
where gg denotes the gully growth factor (percentage of small gullies growing into large gullies). Constraints (24) and (25) assign the truncated integer value of gg*CSG tÀ1;l as the number of small gullies that grow into large gullies. 
where dl, sgl, lgl are the labor requirements for repairing one acre of damaged land, one small gully, and one large gully; dc, sgc, lgc are the costs of repairing one acre of damaged land, one small gully, and one large gully; lb, b are available manpower and land management budget that can be used for all land and gully repairs per unit time, and SB t is the unused budget carried over from period t to period t þ 1. Constraints (25) and (26) restrict the use of manpower (labor) and financial resources to their availability in each period.
